The paper presents three-dimensional CFD analysis of two-phase (sand-water) slurry flows through 263 mm diameter pipe in horizontal orientation for mixture velocity range of 3.5-4.7 m/s and efflux concentration range of 9.95-34% with three particle sizes viz. 0.165 mm, 0.29 mm and 0.55 mm with density 2650 kg/m 3 . RNG k-ε turbulence closure equations with Eulerian multi-phase model is used to simulate various slurry flows. The simulated values of local solid concentration are compared with the experimental data and are found to be in good agreement for all particle sizes. Effects of particle size on various slurry flow parameters such as pressure drop, solid phase velocity distribution, friction factor, granular pressure, turbulent viscosity, turbulent kinetic energy and its dissipation have been analyzed.
INTRODUCTION
Solid transport through slurry flow is becoming increasingly popular due to ever increasing emphasis of society on reduction in environmental pollution. The features like reduction in traffic, air pollution, noise, accidents along with lesser ecological disturbance and saving on energy consumption is the reason for this growing popularity of slurry transportation systems. Presently, mineral, chemical and power industries are predominantly using this mode of transportation. Here solids to be transported are pumped through pipelines in the form of slurries. It is therefore needed to determine the most efficient and economical process of pumping these solids in carrier liquid. This requires careful analysis of different factors effecting the performance and cost of whole process including environmental regulations of the land. This itself requires more basic and fundamental understanding of different aspects of the material behavior especially variance in its properties during slurry flows.
Researches since the start of third decade of 20 th century are aiming towards developing general solutions based on limited sets of experimental data for solid concentration profiles, pressure drop and deposition velocity which are primarily required for better understanding of whole slurry flow process. Aude et al. (1974) , Aude et al. (1975) and Seshadri (1979 Seshadri ( , 1982 and Seshadri et al. (1982) highlighted several attractive features responsible for the acceptance of long distance slurry pipeline transportation system as a viable mode of transportation. Among the initial researches, O'Brien (1933) and Rouse (1937) predicted the concentration distribution using diffusion model for open channel flows having very low volumetric solid concentration. From then, many researches took place aiming at predicting concentration distribution for slurry flows. A few notable of them are Shook and Daniel (1965) , Shook et al. (1968) , Karabelas (1977) , Seshadri et al. (1982) , Roco and Shook (1983) , Roco and Shook (1984) , Gillies et al. (1991) , Gillies and Shook (1994) , Gillies et al. (1999) , Gillies and Shook (2000) , Kaushal and Tomita (2002) , Kaushal and Tomita (2003) and Kaushal et al.(2005) . Apart from this, several studies for predicting pressure drop over the length also took place for slurry flows. A few notable of them are Wasp et al.(1970) , Doron et al.(1987) , Gillies et al. (1991) , Sundqvist et al. (1996) , Mishra et al. (1998) , Ghanta and Purohit (1999) , Wilson et al. (2002) , Kaushal and Tomita (2002) , Kaushal and Tomita (2003) and Kaushal et al. (2005) .
With ever increasing computational efficiency, the cost-tocomputing expense ratio is decreasing. This has helped Computational Fluid Dynamics (CFD) in becoming one of the most attractive tool for analyzing slurry flows through pipes and as well as in open channels. In spite of having its limitations, CFD is very productive in designing new processes in slurry flows and also in predicting its behavior due to variations in the different process parameters. It helps researcher in conducting detailed parametric studies with greater ease and at very low cost by providing detailed and exhaustive information about the local variations of flow parameters within the flow domain. The same is otherwise quite tedious and many times impossible during experiments. Krampa-Morlu et al. (2004) studied the flow in a vertical pipeline using per phase k-ε turbulence model for slurry flows with courser particles. They investigated the effect of particle size, efflux concentration and viscosity on various process parameters. Ling et al. (2003) obtained the numerical solution for sand-water slurry flow in a straight horizontal pipe for a range of mean solid concentrations using algebraic slip mixture (ASM) model. They found simulation data to be in good agreement with experimental data for mixture velocities higher than the deposition velocity. Lin and Ebadian (2008) investigated sand-water slurry flows in the entrance region of horizontal pipeline using CFD with ASM model and showed the progress of various flow parameters in the entrance region of horizontal pipeline. The numerical investigation of slurry flows through horizontal pipes of different diameters by Ekambara et al. (2009) obtained results which were in good agreement with laboratory results for particles smaller than 270 μm especially in the central core region. Chen et al. (2009) did similar numerical simulations but for relatively smaller pipe cross-sections. The results here were also found to be in good agreement with laboratory results. Kaushal et al. (2012) performed modeling of slurry pipeline flow shaving fine particles at higher solid concentrations using CFD. They investigated the flows using Mixture and Eulerian two-phase models separately and concluded recommending Eulerian model for these flows as the model predicted pressure drop (per metre length) and solid concentra-tion profiles quite accurately for all the cases. Antaya et al. (2012) investigated CFD modeling of concentrated slurry pipeline flows and presented the effect of various turbulence models, wall boundary conditions and type of inter-phase forces on the outcome of numerical study. Wang et al. (2013a) investigated various flow parameters of heterogeneous ice slurry at different operating conditions using CFD. They adopted Mixture multiphase model based on different rheological behavior to characterize the flow. Wang et al. (2013b) investigated detailed flow information of ice slurry using CFD. Eulerian multiphase model based on the kinetic theory of granular flow adopted for analysis where ice slurry flow, ice particle concentration and pressure drop in horizontal, vertical and 90 0 elbow pipes were obtained. Wu et al. (2015) investigated, both experimentally and numerically using CFD, the slurry flow of cemented coal gangue-fly ash (CGF) mixtures with emphasize on pressure drop for different mix proportions. Effects of slurry flow rate and pumping pressure along with the effect of pipe size and flow velocity on pressure drop were demonstrated. Ma et al. (2015) investigated erodent particle trajectories in slurry flow using CFD. Discrete phase model (DPM) and volume of fluid method (VOF) is adopted to calculate movement of erodent particles and interface between liquid phase and gas phase respectively. Gopaliya and Kaushal (2015) presented the effect of particle sizes on various flow parameters of sand-water slurry through 53.2 mm pipe using CFD. This paper predominantly presented the effect of particle size on various slurry flow parameters using qualitative results.
The present work presents CFD modeling of two-phase (sand-water) slurry flows through 263 mm diameter horizontal pipe for mixture velocity range of 3.5-4.7 m/s and efflux concentration range of 9.95-34% with three particle sizes viz. 0.165 mm, 0.29 mm and 0.55 mm. Eulerian multi-phase model with RNG k-ε turbulence closure equations is adopted to simulated the mono-dispersed sand particles having density 2650 kg/m 3 . Fluent 6.3.26 is used for CFD analysis of slurry flows. The simulation results are compared with available experimental values of solid concentration distribution (Roco and Shook (1983) and Gillies and Shook (1994) ). Detailed quantitative analysis of effect of particle size on various slurry flow parameters has been presented in this paper including the friction factor growth along the pipe length and turbulence aspects of slurry flows, addressed very first time.
MATHEMATICAL MODEL
The selection of appropriate multiphase model is foremost important in the CFD analysis of slurry flows and it depends mainly on the range of volume fraction (α) of solid phase under consideration. In the view of high range of solid volume fractions under consideration, Granular version of Eulerian model has been adopted for simulations during present study. Granular version has the capability of capturing effect of friction and collusions between particles which is very much important in higher concentration slurry flows with different particle sizes.
Eulerian model
Two-phase Eulerian model adopted in present research assumes that the slurry flow consists of solid phase "s" and fluid phase "f". These phases are assumed to be separated, yet forming interpenetrating continua such that α s + α f = 100%. Here α s and α f are the volumetric concentrations of solid and fluid phases respectively. Continuity and momentum equations are individually satisfied by each phase. Coupling of equations of these two phases is achieved using pressure and inter-phasial exchange coefficients. The forces acting on a single particle in the slurry are summarized below:
i. Static pressure gradient, ∇ . ii. Solid pressure gradient or the inertial force due to particle interactions, ∇ which is defined using volumetric concentration, density & granular temperature of solid phase along with radial distribution of particles and loss of kinetic energy due to their collisions, represented by restitution coefficient. iii. Drag force caused by the velocity difference between two phases, 
.
C vm is the coefficient of virtual mass force. Since in most of the multiphase applications, the effective particle radius is very small as compared to velocity scale, virtual mass effects can be observed predominantly only at relatively high efflux concentrations. It is therefore a value of 0.5 (default value) is adopted for C vm in the present study which in absence of spatial velocity gradients reduces the acceleration term in momentum equation to classically accepted virtual mass force. vii. Lift force,
  where C L is the lift coefficient taken as 0.5 (Default value).
Governing Equations
where, t is either s or f.
Momentum Equations
For fluid phase:
For solid phase:
where s τ and f τ are the stress tensors for solid and fluid, respectively and are expressed as follows:
Here superscript 'tr' over velocity vector indicates transpose and I indicates identity tensor. λ s represents bulk viscosity of the solid represented as below: 
d s is the particle diameter. g o,ss is the radial distribution function, which is interpreted as the probability of particle touching another particle:
Here, α s,max is the static settled concentration, s Θ is the granular temperature, which is proportional to the kinetic energy of the fluctuating particle motion, e ss is the restitution coefficient. Restitution coefficient (e ss ) indicates how much kinetic energy remains after collision of particles. Its value ranges from zero to unity. Unity indicates no or very little loss of kinetic energy during collision whereas zero indicates loss of total or very large fraction of kinetic energy during collisions. During present study, a value of 0.9 is adopted for restitution coefficient.
μ f is the shear viscosity of fluid and μ s represents shear viscosity of solids defined as: 
C D is the drag coefficient given by:
Re s is the relative Reynolds number between phases 'f' and's' and is given by: 
Turbulence closure for the fluid phase Turbulent quantities for the fluid phase are predicted using RNG k-ε model (Launder and Spalding, 1974) supplemented by additional terms accounting interfacial turbulent momentum transfer.
The Reynolds stress tensor for the fluid phase "f" is:
Here µ t,f is the turbulent viscosity. RNG theory provides an analytically-derived differential correlation for turbulent viscosity that accounts for low Reynolds number effects. This correlation in the high Reynolds number limit (as the cases in present study) converts to: 2 , with 0.09
The predictions of turbulent kinetic energy k f and its rate of dissipation ε f in RNG k-ε model are similar to Standard k-ε model, described widely in published researches on CFD.
The main difference between the RNG and standard k-ε models lies in the additional term in the ε equation given by:
( ) 
Turbulence in the solid phase
Turbulence in solid phase is predicted using Tchen's theory (Lun et al., 1984) of the dispersion of discrete particle in homogeneous and steady turbulent flow. In this theory, dispersion coefficients, correlation functions and turbulent kinetic energy of the solid phase are modeled using the characteristics of continuous turbulent motions of fluid phase which itself is based on time scale and characteristic time. The time scale considering inertial effects acting on the particle is given as follows:
The characteristic time of correlated turbulent motion or eddy particle interaction time is given by:
The characteristic time of energetic turbulent eddies is given by:
 is the average value of the local relative velocity between particle and surrounding fluid defined as the difference in slip and drift velocity ( )
Transport equation for granular temperature (Θs)
The granular temperature for solid phase is described using the kinetic energy (Gidaspow et al., 1992) 
For further details of modeling/derivation of variables used in the equations listed in above paragraphs, refer Gopaliya and Kaushal (2015) .
Wall functions
The region very near to the walls needs special attention due to the presence of very high gradients of quantities involve in the analysis. This is achieved using a very fine boundary layer meshing along with the use of standard wall functions option available with RNG k-ε model. These wall functions are a collection of semi-empirical formulas and functions. This helps in achieving lower calculation efforts with better results near the wall.
SIMULATION METHODOLOGY Geometry and mesh generation
The computational grids for 263 mm internal diameter (D) horizontal pipe with 50D length (to ensure fully developed flow) is generated using GAMBIT 2.4.6. Cartesian coordinate system having origin at centre of the pipe inlet cross-section is adopted for geometry generation. The grid contains hexahedral volume cells in sufficient numbers finalized through due mesh independency process. During present study, different computational grids with progressive increase in volume cells at the rate of 50% have been investigated. The grid showing improved results than grids with lesser number elements along with results comparable to grids having higher number of elements is finalized for simulation. A 15 layer boundary region with a growth rate of 20% is created near the boundary. This is done to improve the performance of the wall functions adopted to capture the gradient near the walls and also to fulfill the convergence requirement of y + = 30 where y + is the dimensionless wall distance of cells next to the wall. The numerical grid at pipe outlet is shown in Figure 1 . 
Boundary conditions
There are three boundaries available in the given flow domain namely the inlet boundary, the wall boundary and the outlet boundary. Flat velocity and volume fraction of both the phases, liquid and solid, were notified at the inlet boundary, i.e., V m = v s = v f , α s as = C vf and α f = 1 -C vf . Here V m is the mean flow velocity, measured in laboratory by Roco and Shook (1983) and Gillies and Shook (1994) ; C vf is the efflux concentration in the slurry pipe and is expressed as:
A 0.2 mm of pipe wall roughness is adopted during simulation. Since the nature of wall-particle collisions influences the shear stress and turbulent energy flux at the walls, a specularity coefficient is defined for solid phase at the walls which quanti-fies the nature of these collisions. Its value varies between zero and unity. Unity corresponds to diffuse collisions which occur on a very rough wall whereas zero corresponds to specular collisions which occur on smooth frictionless walls. In the view of this, a value of 0.5 is selected which corresponds to wall quality between smooth frictionless walls and very rough walls. Apart this, no slip for liquid phase has been adopted at walls.
Pressure outlet boundary condition is adopted at the outlet boundary where mixture pressure is mentioned.
Solution process and convergence criteria
A CFD software 'FLUENT 6.3.26 has been used for simulating the flow using prescribed boundary conditions and turbulence model. A convergence criterion of 10 -3 has been adopted for termination of iteration. To ensure satisfactory accuracy, stability and convergence of iterative process, a second order upwind discretization for momentum equation and first upwind discretization for volume fraction, turbulent kinetic energy and its dissipation are adopted.
ANALYSIS OF RESULTS
Simulation results are captured at the pipe outlet which is at 50D length and also over the pipe length as applicable. The flow becomes fully developed much before reaching the pipe outlet. It is shown by plotting pressure gradient along the pipe length for particle size of 0.165 mm. This supports the choice of location for obtaining simulation results. The simulation data for concentration distribution, velocity distributions, granular pressure, turbulent viscosity, turbulent kinetic energy and its dissipation are observed at the pipe outlet whereas pressure gradient and friction factor are calculated over the whole length of the pipeline.
Concentration profiles
Figures 2-4 show comparison of experimental data of local volumetric concentration of solid with its simulated values along vertical centerline of the cross-section at pipe outlet Here C vf ' is the local volumetric concentration of solid calculated as the average value over the chord length (in y-direction) mathematically presented as shown below:
z is the height from the centre of the pipe outlet which is at (50D, 0, 0); and R is the radius of the pipe. Here, radius, R, is preferred over diameter, D, as the experimental results were presented with respect to z/R only.
Simulated results are in good agreement with corresponding experimental data for all three particles sizes viz. 0.165 mm, 0.29 mm and 0.55 mm. However, small deviations can be observed between these values for particle sizes 0.29 mm and 0.55 mm. For particle size of 0.29 mm, these deviations are observed for high efflux concentration cases (34%) which are limited to upper half of the cross-section at both mixture velocities (V = 4 m/s & 4.7 m/s) under consideration. And, for particle size of 0.55 mm, deviations are observed for all efflux concentrations under study for mixture velocity 3.9 m/s. However, with increase in mixture velocity (4.4 m/s), these deviations get limited to high efflux concentration case only (30%). The possible reason for these deviations could be the abrasive rounding of solid particles by repeated passages during experiment, resulting generation of significant amount of fines distributed uniformly within the pipe. This is predominant in slurry flows with large size particles leading to possible increase in carrier density. Since information of this aspect was not reported in the published work showing experimental data, the same is not incorporated during simulations leading to possible deviations in the output data as compared to corresponding experimental results. 
Pressure gradient
Pressure gradient (in Pa/m) is one of the important inputs required for the designing of slurry pipe line. Its variation over the pipe length is plotted in Figure 5 (a) for particle size of 0.165 mm to ascertain the downstream length for flow development. It is found that pressure gradient becomes almost constant after 25-30D downstream length for all cases. This supports the selection of pipe outlet, which is 50D downstream, as the plane for capturing data of various flow parameters presented in the paper.
Figure 5 (b) shows variation of average pressure gradient (in Pa/m) with efflux concentration (C vf ) for different particle sizes at various mixture velocities. Pressure gradient is found to be increasing with increase in efflux concentration for all particle sizes at all mixture velocities. And its rate increases either with particle size for a given velocity or with mixture velocity for a given particle size.
Similar trends have also been reported in many past researches such as Kumar et al. (2003) , Kaushal et al. (2005) , Kaushal et al. (2012) Figure 6 shows distribution of non-dimensional velocity of solid phase across vertical centerline at pipe outlet for all three particle sizes with different mixture velocities. The velocity of solid phase (V s ) is non-dimensionalized using mixture velocity at pipe inlet.
Velocity distribution
For particle size of 0.165 mm, the distribution is found to be parabolic for lower value of efflux concentration which becomes progressively flatter with efflux concentration. At higher particle sizes i.e. 0.29 mm & 0.55 mm, the distribution becomes asymmetric due to shifting of area of higher velocity in the lower half of the pipe cross-section. This shift is found to be more at higher efflux concentrations for a given particle size. However, for a given efflux concentration, the shift is more for flows with bigger particle.
The asymmetric nature of distribution of non-dimensional velocity of solid phase across vertical centerline at pipe outlet for bigger particles can be attributed to the heaviness of particle supported by the carrier.
Many previous researches also highlighted similar trends for solid velocity distribution presented in different manner. Notable among it are Ling et al. (2003) , Lin and Ebadian (2008) , Kaushal et al. (2012) etc. Figure 7 shows the growth of friction factor (f) over the length of pipe for all three particle sizes under consideration at different mixture velocities and efflux concentrations. Friction factor is calculated using weighted friction factor of each phase. It is given as below:
Growth of friction factor
Friction factor attains a nearly constant value soon after entering the pipeline for all mixture velocities and particle sizes. Its value for a particular particle size and mixture velocity decreases marginally with increase in efflux concentration of flow throughout the pipe length. Also, for a particular particle size, its value increases with mixture velocity. Also, this can be attributed to formation of bed type layers moving smoothly over each other when the flow efflux concentration is higher.
Researches such as Ling et al. (2003) , Lin and Ebadian (2008) etc. also supported the trends of friction factor reported above.
Granular pressure
Granular pressure, also called collisional particle pressure, is the force per unit area exerted by a moving granular medium on the pipe walls carrying the mixture. It is a measure of the momentum transfer due to streaming particles. The reaction to this on primary medium which in present case is water results in pressure drop.
Granular pressure is calculated using the kinetic energy of fluctuating particle motion and particle collisions. It is present in the form of solid pressure gradient in momentum equation of solid phase. Figure 8 shows variation of granular pressure (in Pa) with efflux concentration for all three particle sizes. Its value increases with increase in efflux concentration for all particle sizes and mixture velocity due to enhanced momentum transfer between particles and the walls. It is also noticed that the values of granular pressure for particle size of 0.55 mm increases significantly as compared to smaller particle sizes. It may be attributed to increased momentum exchange and kinetic energy of fluctuation particles due to bigger grain. Also, its value decreases with increase in mixture velocity for all efflux concentration cases due to increased turbulence at higher mixture velocity at this grain size leading to loss of energy. The same in case of 0.29 mm particle size is found to be negligible.
Turbulent viscosity
Modeling of turbulent viscosity of the slurry during the flow is one of the most critical aspects of the slurry flows. It depends upon the interaction between particles and between particles and the fluid. Due accounting for these effects in detail is still a challenging problem for the researchers. Figure 9 shows variation of turbulent viscosity of slurry flow with efflux concentration for all three particle sizes at different mixture velocities. Turbulent viscosity of the slurry flow is found to be decreasing with increase in efflux concentration for all particle sizes. And, the same at any particular particle size decreases with increase in mixture velocity. Drop in the value of turbulent viscosity of slurry flows with mixture velocity is found to be more for flows with bigger particle sizes. Variation in turbulent viscosity with efflux concentration, mixture velocity or with particle size are in accordance to the variation in turbulence characteristics of the flow described in subsequent paragraphs. 
Turbulent kinetic energy & its dissipation
Distribution of turbulent kinetic energy (k) of primary phase at any cross-section shows the turbulence level across it. Figure10 shows distribution of turbulent kinetic energy of primary phase across vertical centerline at pipe outlet for all three particle sizes with different mixture velocities and efflux concentrations. Region of higher turbulence is found to be located in the upper half of the pipe outlet cross-section. This is justified also as it is the region where secondary phase is loosely located resulting more turbulence.
It is also observed that the spread of the region of higher turbulence located in the upper half of the pipe outlet cross-section reduces with increase in efflux concentration for all particle sizes and mixture velocities. This is because increase in efflux concentration results in movement of more particles near the core region and in the upper half leading to decreased turbulence level.
Also, for a given particle size, spread of the region of higher turbulence is found to be marginally decreasing with increase in mixture velocity. This can also be attributed to the increased particle movement in upper half of the pipe outlet cross-section at higher mixture velocities.
Dissipation of turbulent kinetic energy (ɛ) represents the reduction of turbulence with time which is one of the important parameters in the overall understanding of turbulence in turbulent flows. Figure 11 shows distribution of dissipation of turbulent kinetic energy across vertical centerline at pipe outlet for all three particle sizes with different mixture velocities and efflux concentrations. The distribution of turbulent kinetic energy & its dissipation are found to be quite similar as expected. This is so because dissipation of anything must follow the path of its growth & development. Fig. 11 . Simulation results of dissipation of turbulent kinetic energy across vertical centre line of pipe outlet for all three particle sizes at different mixture velocities and efflux concentrations.
CONCLUSIONS
The paper presents three-dimensional CFD analysis of twophase (sand-water) slurry flows through 263 mm diameter pipe in horizontal orientation for mixture velocity range of 3.5-4.7 m/s and efflux concentration range of 9.95-34% with three particle sizes viz. 0.165 mm, 0.29 mm and 0.55 mm with density 2650 kg/m 3 . Local volumetric concentration of solid phase across pipe outlet is very well simulated for all three particles sizes under consideration. It is observed that pressure gradient has a great dependency on efflux concentration for all particle sizes at all mixture velocities. A symmetric solid phase velocity distribution is obtained for fine particles which becomes progressively asymmetric with courser particles. Friction factor growth achieves a constant value at small distance downstream the inlet. Trends remain unchanged for all mixture velocities and particle sizes. It can very well be concluded from this study that momentum transfer between particles and the walls, represented by granular pressure, gets hugely effected by efflux concentration and particle size. Also, turbulent viscosity of the slurry flow shows decline with increase in efflux concentration for all particle sizes.
Study of flow turbulence is the highlight of this paper as not many researchers have presented this aspect of slurry flows. It is observed during this study that turbulence dominates in the region of lesser solid concentration. Also, its spread reduces with increase in efflux concentration for all particle sizes and mixture velocities. This paper helps in improving the understanding of twophase slurry flows with different particle sizes. However, scatter in data of various flow parameters especially in case of slurry flows with bigger particle sizes indicates that the model used in the present study needs further development. Also, the choice of coefficient of lift, coefficient of drag, restitution coefficient and wall boundary conditions needs to be further supported by thorough parametric studies.
